Expression of molecules with antiparasitic activity by genetically transformed symbiotic bacteria of disease-transmitting insects may serve as a powerful approach to control certain arthropod-borne diseases. The endosymbiont of the Chagas disease vector, Rhodnius prolixus, has been transformed to express cecropin A, a peptide lethal to the parasite, Trypanosoma cruzi. In insects carrying the transformed bacteria, cecropin A expression results in elimination or reduction in number of T. cruzi. A method has been devised to spread the transgenic bacteria to populations of R. prolixus, in a manner that mimics their natural coprophagous route of symbiont acquisition.
Insects transmit many of the diseases that affect crop plants, domestic animals, and humans. Such diseases are particularly important in the developing world. Plants produce toxic or inhibitory substances to protect themselves against insects, and in the last hundred years or so people have joined them in this effort with insecticides (1) . Success has been limited. Insects have developed an array of resistance mechanisms by which they can inactivate toxic substances (2) . Even biological methods, such as the sterile male techniques, have been rendered less effective by changes in insect behavior (3) . In a wider sense, it is not always desirable to eliminate insect pests, because they may occupy an important niche in the food chain.
We are developing methods that reduce the competence of the insect vector to carry disease-causing microorganisms. We attempt to affect a specific property of the insect rather than the existence of the insect itself. Insects with relatively restricted diets, for instance those feeding on either blood or plant sap, usually harbor populations of symbiotic microorganisms that synthesize the needed nutrients (4) . We here show that such symbiotic bacteria (symbionts) can be transformed genetically to express and release transgene products into the insect tissues that are deleterious to the diseasecausing microorganisms the insect carries.
There are other methods for introducing transgenes into insects. Recently, Olson et al. (5) have generated mosquitoes that are refractory to transmitting dengue-2 virus by infecting the mosquitoes with a recombinant Sindbis virus that expresses dengue-2 antisense viral message. However, the phenotype is nonheritable to progeny. The mobile P element has long been used as a gene carrier in drosophilids, and other effective mobile elements are being studied, such as the hAT family, which may be useful for introducing foreign genes into insects of economic or medical importance (6) . Mobile element insertions can be widespread and affect insect fitness (7) . What attracts us to the use of transformed symbionts is the relative simplicity of the approach and absence of adverse fitness effects that can result from transformation of the insect genome. The close association between symbionts and their insect hosts also provides a method for rapid spread of the transgene throughout an insect population.
The reduviid bug Rhodnius prolixus is a vector of Trypanosoma cruzi, the causative agent of Chagas disease. Transmission of the parasite occurs at the time of a blood meal, when the bug deposits a fecal droplet on the skin of the warmblooded host. R. prolixus harbors in its gut lumen an extracellular streptomycete symbiont, Rhodococcus rhodnii, situated in close proximity to T. cruzi. Previously, our group has transformed R. rhodnii using a shuttle plasmid containing a thiostrepton resistance marker (8) . The transformed bacteria, when introduced into aposymbiotic first-instar nymphs of R. prolixus, allow sexual maturation of the insects. If left in the aposymbiotic state, such nymphs usually do not survive beyond the second molt. Thiostrepton resistant organisms were detected in the gut of these insects for the 6 1 ⁄2-month duration of the study. Thus, recombinant symbionts can be introduced into an insect host and maintained in a stable fashion. We here report that R. rhodnii can be genetically altered to express a gene for cecropin A, a 38-amino acid residue peptide (37 amino acids plus a C-terminal glycine which is processed to an amide) that is one of a group of naturally occurring poreforming peptides isolated from hemolymph of insects and from vertebrates (9) , which are part of inducible humoral immunity. Stable expression and release of this peptide into the hind gut kills T. cruzi without apparent toxicity to bug tissues. Furthermore, we show that the coprophagic behavior of the bug can be exploited in closed colonies of insects to spread the transgene-carrying symbiont.
MATERIALS AND METHODS
Activity of Cecropin A. Synthetic cecropin A 38 (37 amino acids plus a C-terminal glycine) prepared at The Rockefeller University (R.B.M.) was used for killing assays with Escherichia coli strain DH5␣MCR, R. rhodnii strain ATCC 35071, and T. cruzi strains DM28, Gainesville and ''Y.'' T. cruzi strain DM28 was kindly provided by Patricia de Azambuja (Fundaçao Oswaldo Cruz, Rio de Janeiro, Brazil). ''Y'' strain T. cruzi was kindly provided by Norma Andrews (Yale University). Minimum bactericidal concentration was defined as the lowest concentration of cecropin A needed to produce no bacterial growth on agar plates. Lethal concentration of cecropin A was defined as the concentration required to kill 100% of parasites at 24 h. All assays were repeated five times.
Cloning cDNA for Cecropin A. cDNA-encoding cecropin A (mat cec A) (10) was amplified by PCR with incorporation of a HindIII restriction site at the 3Ј end, using the primers 5 Ј -C C A G T T A A G C T T T T A A C C C T T A G C A A T -CTGTGT-3Ј and 5Ј-ATGA A ATGGA AGT TAT TCA A-GAAG-3Ј. The promoter region of the thiostrepton resistance gene (Thio R ) (8) 5Ј SalI restriction site, using the primers 5 Ј-GCGTCGAC-CCGATTCGCGTCCGCCCCGGGGAG-3 Ј and 5Ј-TCGGT-TGGCCGCGAGATTCCT-3Ј. Blunt end ligation was done to yield the Thio R promoter-mat cecA fragment. PCR amplification of the Thio R promoter-mat cecA fragment followed by cloning into SalI and HindIII sites of pRr 1.1 (8) yielded pRr ThioCec. Orientation of pRr ThioCec was confirmed using restriction enzyme mapping and subsequent DNA sequencing. Expression of Cecropin-A in R. prolixus. For transformation of R. rhodnii, protoplast forms of R. rhodnii were generated and transformed using pRr ThioCec as described (11) . Transformants were selected using liver infusion tryptose medium containing thiostrepton at 50 g͞ml (Sigma).
For generation of aposymbiotic R. prolixus, freshly laid eggs from laboratory colonies of R. prolixus were surface-sterilized for 3 min in Clinidine solution (Clinipad, Guilford, CT), washed in sterile PBS, and allowed to hatch in sterile chambers. The emerging nymphs were shown to contain no bacteria in the gut, by plating their intestinal contents on brain heart infusion agar (Difco).
Transformed R. rhodnii were mixed with defibrinated rabbit blood (Crane Laboratories, Syracuse, NY) to a concentration of 1 ϫ 10 7 bacteria per ml and fed to aposymbiotic first-instar nymphs of R. prolixus using a membrane apparatus (12) .
Western blot analysis was done when five R. prolixus thirdinstar nymphs carrying the R. rhodnii symbiont, which had been transformed to express the cecropin A gene product, were killed and surface-sterilized using 100% ethanol for 10 min. Hind gut contents were dissected and resuspended in 200 l of sterile PBS. Ten mililiter aliquots were used for protein electrophoresis. The proteins were separated on 10% acrylamide using the Tricine-SDS ͞PAGE system (13), transferred to poly(vinylidene difluoride) membranes (Bio-Rad), and developed using a 1:1000 dilution of polyclonal serum from rabbits immunized with synthetic cecropin A (Cocalico Biologicals, Reamstown, PA).
E. coli Killing Assays. The whole gut of each of five third-instar nymphs of R. prolixus was dissected out, and each gut was homogenized in 100 l of sterile PBS. Ten microliters of each homogenate was incubated at 37 ЊC for 12 h with 20 l of strain DH5␣MCR of E. coli (1 ϫ 10 5 bacteria͞ml). The incubation mixture was diluted with 970 l of sterile LuriaBertani medium and plated on Luria-Bertani agar plates. Five replicates of each killing assay were performed.
T. cruzi Killing Assays. The effects of in vivo production of cecropin A on numbers of metacyclic trypomastigotes in the insect hind gut was determined over a 90-day period. Fourthinstar nymphs were infected with strain DM28 T. cruzi. This Brazilian strain of T. cruzi is pathogenic to man. Decomplemented human blood was mixed with epimastigote forms to a concentration of 1 ϫ 10 5 parasites͞ml (14) . Insects were allowed to engorge on the infected blood. Subsequent blood meals were administered 3, 6, and 9 weeks after initial infection with the parasites.
Seven adult insects from each experimental group were killed 14 days after the final blood meal. The hind gut of each insect was dissected and homogenized in 100 l of sterile PBS. Numbers of metacyclic trypomastigotes, the infective form of T. cruzi, were counted without staining, using a Neubauer hemocytometer.
RESULTS

Activity of Cecropin A and Stability of pRr ThioCec.
Cecropin A has a wide range of antimicrobial activity (15) . We have observed very little effect of this peptide on R. rhodnii (see Fig. 1 ) or on gut cells of R. prolixus. We also have demonstrated activity of synthetic cecropin A against several strains of T. cruzi (Fig. 1) , including strain DM28, a common human pathogen.
We have incorporated the gene encoding cecropin A into the shuttle vector, pRr1.1, to yield the new shuttle plasmid pRr Thio Cec. This plasmid (Fig. 2 ) was used to transform exponential phase R. rhodnii. Ten-day-old colonies of transformed R. rhodnii were inoculated into LIT liver infusion tryptose medium containing thiostrepton (50 g͞ml). Cecropin A expression was shown by Western blots using bacterial lysates and culture supernatant from 10-to 14-day-old colonies (data not shown).
The stability of pRr Thio Cec was demonstrated by maintaining the genetically altered bacteria in log phase growth for 20 generations in liver infusion tryptose medium without thiostrepton. Samples were taken every 4 days, i.e. approximately every two generations, and replica-plated on brain heart infusion agar with and without thiostrepton (8) . Colony counts showed overall plasmid loss of 0.5% per generation. Thus, pRr Thio Cec is a relatively stable plasmid in the absence of antibiotic selection and is suitable for reintroduction into insects. We have used R. rhodnii transformed with this plasmid in our work. Expression of Recombinant Cecropin A in R. prolixus. Aposymbiotic colonies of R. prolixus were established. R. rhodnii transformed with the shuttle plasmid pRr Thio Cec were then introduced into first-instar nymphs via the first blood meal. A control group of aposymbiotic R. prolixus containing wild-type R. rhodnii also was established. Both colonies, each consisting of 35 insects, were maintained on monthly feeds of human blood. Growth rates and stage specific mortality of the two groups were similar; in each group approximately 50% of the insects reached sexual maturity at 6 months. In our insectary, mortality of aposymbiotic F1 nymphs of R. prolixus to the adult stage is approximately 50 percent. Insects that fail to feed on a membrane apparatus and do not obtain bacterial symbionts via the blood meal die after the second molt. Thus, mortality in this group of insects is higher than in F1 nymphs, which are not aposymbiotic.
Five nymphs at the third-instar stage from each group were sampled for recombinant cecropin A in the hind gut using Western blots. Cecropin A could be detected in 2 of 5 insects bearing genetically transformed symbionts (Fig. 3) . Cecropin A could not be detected in any of the insects containing wild-type R. rhodnii. These data, taken alone, could suggest low efficiency of cecropin A expression in this system. However, our subsequent bioassays indicate that Western blot is a relatively insensitive technique to screen for presence of cecropin A.
In Vivo Effects of Recombinant Cecropin A Expression. Lytic function of the recombinant cecropin A transgene product was tested, using an E. coli-killing assay. Strain DH5␣MCR was used, in which the minimum bactericidal concentration of cecropin A is 23 M. Fig. 4 shows that antimicrobial activity was present in gut preparations of all 5 transgene-bearing insects. A minimum bactericidal concentration of cecropin A was present in 3 of the 5 tested gut samples. Intestinal preparations taken from insects carrying untransformed R. rhodnii showed no lytic effect on E. coli.
Results of the in vivo T. cruzi killing assay (Fig. 5 ) confirm the antiparasitic effects of recombinant cecropin A. The concentration of metacyclic trypomastigotes in the control group of insects (1.4 ϫ 10 5 Ϫ 1.1 ϫ 10 6 parasites͞ml) is consistent with data reported by others for naturally occurring gut numbers of these parasites (16) , and indicates successful infection of the insects by trypanosomes. Striking results were obtained from the transgene-bearing insects. In 5 of 7 insects in this group metacyclic trypomastigotes were not seen. Epimastigotes were absent as well, indicating complete lysis of trypanosomes. Metacyclic trypomastigotes were seen in 2 of 7 insects, at concentrations of 2.7 ϫ 10 4 and 5.0 ϫ 10 3 parasites͞ ml, respectively.
Spreading the Transgene. An approach is required for spreading the transgene through insect populations. A delivery system allowing dispersal of recombinant genetic material without adverse environmental effects is preferable. Two biologic features of R. prolixus may be used. These insects are primarily domestic, stably associated with their domestic animal hosts. Coprophagy, i.e. probing of fecal droplets, allows acquisition of bacterial symbionts by these insects. Emerging first-instar nymphs are transiently aposymbiotic. Probing of the egg shell surface or of fecal droplets deposited by other insects results in establishment of gut symbiont populations. We have exploited these two features to create an artificial feces preparation, termed CRUZIGARD, which we are testing in closed colonies of R. prolixus. Aposymbiotic first-instar nymphs, when placed in a chamber containing CRUZIGARD impregnated with transformed R. rhodnii, show approximately 50% survival to the sexually mature adult stage, a rate comparable to what we see in aposymbiotic nymphs exposed to natural feces containing wild-type symbionts. Thiostrepton resistance can be detected in symbiont colonies obtained from these insects, suggesting that symbionts were acquired from the artificial feces. Aposymbiotic first-instar nymphs placed in a chamber containing CRUZIGARD not impregnated with symbionts show 100% mortality to the adult stage, with most mortality occurring before the second molt (Fig. 6) . 1 kDa) . Lanes 2-6, hind gut preparations from five third-instar nymphs of R. prolixus (R1-R5) carrying R. rhodnii, which has been transformed to express the cecropin A gene product. Bioassays (Fig. 4) showed that all five specimens (R1-R5) had significant biological activity attributable to cecropin A, though only R4 and R5 had sufficient cecropin A to be detected in our Western blot system. 
DISCUSSION
This is the first description of the modulation of arthropod vector competence using genetically altered symbiotic bacteria. We also have a potential method for spreading transgenic symbionts throughout an insect population. This method appears to work under laboratory conditions using a small number of insects. Our next task is to see if it works in natural settings with larger numbers. It is now at the stage where cage trials can be carried out to determine whether or not vector transmission of T. cruzi is reduced or eliminated.
Development of infective metacyclic trypomastigotes is unhindered in insects carrying wild-type R. rhodnii, whereas insects carrying bacteria transformed with the cecropin A gene had elimination of parasites in five insects and a 1-2 log reduction in the remaining two insects. Because all insects engorged on blood containing the same high number of trypanosomes, it is unlikely that there were large variations in inoculum dose of parasites. All insects show a reduction or elimination of T. cruzi, yet in two insects approximately 0.1% to 1.0% of trypanosomes remained alive. This is probably due to variations in the lysis of symbionts and͞or the level of expression of cecropin A. Cecropin A makes holes in the membrane of T. cruzi, and complete lysis is probably both a dose-and time-dependent process. We do not know whether or not the remaining trypanosomes are still infective, but this is under investigation.
Constitutive expression of recombinant cecropin A by symbiotic bacteria in the hind gut of R. prolixus is lytic to developing trypanosomes. The gene for cecropin A is stable in the absence of antibiotic selection. Transformed bacteria appear to maintain a stable relationship with the insect host. Toxicity of the recombinant peptide toward gut flora or insect tissues does not appear to be a problem, given the similar development of the transgene-bearing nymphs with respect to the control group of insects carrying wild-type R. rhodnii.
Activity of gut extracts against both E. coli and strain DM28 T. cruzi was uniform, in contrast to Western blot detection of cecropin A, which was positive in only two of five insects. Thus, the sensitivity of bioassays appears to be superior to the sensitivity of Western blot.
In a closed environment, an artificial substrate impregnated with modified symbionts has been used to disperse transgenes. In domestic reduviids, such as R. prolixus in Central America, where a limited number of bugs probe feces in a limited area, such as a house or a hut, fine dispersion of simulated feces might spread the transgene effectively. We are now testing this method under closed conditions that simulate a natural environment.
Fitness of the transformed symbionts with respect to wildtype bacteria is an important factor when devising a genespreading strategy. We previously have shown using the shuttle plasmid pRr 1.1 that transformed R. rhodnii effectively compete in a laboratory setting with untransformed R. rhodnii to establish infection in aposymbiotic R. prolixus (C.B.B., unpublished data). We are now setting up, in cages, simulated field studies to test the competitive fitness of R. rhodnii transformed with pRr Thio Cec with respect to natural bacterial populations.
Development of resistance among target populations to the transgenic product should be considered. Cecropin A, if expressed alone in the insect gut, could possibly select for resistant forms of T. cruzi. For this reason, we are focusing attention on other potential genes that could confer refractoriness, such as genes that express single-chain antibody fragments that are directed against determinants of T. cruzi (17, 18) . The specificity of engineered antibody fragments for surface proteins of T. cruzi would reduce potential toxicity of transgene products to other insects or animals. Expression of several genes encoding cecropin A and recombinant antibody in a multiexpression plasmid could slow development of resistant phenotypes of T. cruzi.
Chagas disease remains a public health problem south of the U.S. border. Despite efforts by governments and overall improvement in living conditions in Central and South America, millions of people are exposed to the disease-causing parasites annually, and it remains a leading cause of cardiac and pulmonary morbidity and mortality, adding greatly to the cost of health care (19) . Through the use of residual insecticides and improvement in housing standards there is a hope for eradication of this disease from human populations. Recent attempts at control have focused on elimination of vectors from domestic settings (20) . These approaches show promise in regions where insect infestation is exclusively domestic in nature. When a significant sylvatic reservoir of infestation exists, these techniques alone are unsatisfactory for long-term vector control. The high cost of repeated application of insecticides and the need for long-term political commitments to such programs makes sustainability a major problem.
We here present another approach to the control of this disease. Our approach, when combined with more traditional methods of Chagas disease control, may form an effective arm of an integrated pest management program. Our approach is also applicable to many insect-borne plant, animal, and human diseases, and work on African trypanosomiasis and aphid and plant-hopper borne viral plant diseases is in progress (21) .
